1978. -A sensitive protein-binding assay has been used to measure plasma concentrations of total corticosterone during postnatal development in the rat. These concentrations were extremely low on days 6-12, showed a significant rise by day 14, and then continued to rise until peaking on day 24. Plasma titers of corticosteroid-binding globulin rose even more dramatically from day 12 onward. Consequently, the percentage of total plasma corticosterone, which was protein-bound, showed a gradual rise from 78% on day 12 to 98% on day 24. Despite this trend, when concentrations of free corticosterone were calculated, they were found to have a developmental profile very similar to that of total corticosterone.
Assay of jejunal lactase and sucrase in the same animals that were used for the corticosterone studies showed that the ontogenic rise of both total and free corticosterone preceded the developmental changes in the activities of these enzymes by approximately 2 days. The data suggest that the rise in free corticosterone that begins on day 14 acts as a cue for enzymic changes in both liver and intestine.
corticosteroid-binding globulin; intestinal development; postnatal; lactase; sucrase DURING THE 3rd wk of postnatal development in the rat, activities of a number of hepatic (14) and intestinal (7, 18, 24) enzymes show dramatic changes. There is a great deal of evidence suggesting that these changes are mediated by adrenal corticosteroids because they are hastened by administration of glucocorticoids during the 2nd postnatal wk and delayed by adrenalectomy at that time (7, 13, 14, 18, 24) . However, the basis for the timing of these glucocorticoid-mediated events has remained a mystery in view of the repeated reports (3, 15, 21, 26 ) that plasma concentrations of corticosterone in unstressed rats are almost as high during the 1st and 2nd postnatal wk as during the 3rd wk. It has been suggested (5, 17, 18 ) that timing of the enzymic changes reflects increased tissue sensitivity to glucocorticoids during the 3rd postnatal wk, but measurement of hepatic and intestinal concentrations of glucocorticoid receptors has shown that they do not increase at this time and, thus, cannot provide a basis for increased tissue responsiveness (5, 16).
Recently Diez et al. (9) have shown that mouse plasma contains substances that lead to marked overestimation of plasma corticosterone when fluorimetric methods are utilized, particularly during the 1st and 2nd postnatal wk. This finding has thrown doubt on the validity of the studies mentioned above concerning developmental patterns of plasma corticosterone in the rat because each of these studies used a fluorimetric assay for corticosterone+ To date there has been only one developmental study of plasma corticosterone in the rat using the more specific method of competitive protein binding (6); and in that study, animals were subjected to gastric intubation 4 h before sacrifice so that values obtained may represent stressed rather than resting levels. Because the adrenocorticoid stress response is known to increase significantly during the 3rd wk of life (I, 3, 15, 21) , a developmental study using stressed animals could give a rather distorted time course for plasma corticosterone. One of the aims of the current work was to use a competitive protein binding technique to measure resting levels of total plasma corticosterone at various ages during the first month of postnatal development.
In the adult animal the free component of plasma corticosteroid is considered the active form of the hormone (29). Thus, it is not sufficient to know the concentration of total corticosterone during development as this parameter does not necessarily reflect the pattern for free corticosterone. For example, in the fetal rat (23), although the concentration of total plasma corticosterone falls during the 3 days preceding birth, the concentration of free corticosterone actually rises during this time because of a concomitant and precipitous fall in corticosteroid-binding globulin (CBG). In the postnatal period the binding capacity of CBG has been reported to be approximately threefold higher on day 21 than on day 12 (12), No data have been reported for intervening ages or for the corresponding concentrations of free corticosterone. The current study provides complete developmental profiles for both CBG and free corticosterone in the postnatal period. Furthermore, intestinal tissue from the same animals has been assayed for lactase and sucrase activity in order to relate the timing of the endocrine changes to enzymic development, E452 Collection of blood. Home cages were kept in the animal room at all times. Pups were removed one at a time (between 0900 and 1100 h) and were taken to a separate room where they were killed by decapitation. Trunk blood was collected within 40 s of the animal being taken from its cage. To obtain sufficient blood for all determinations at ages 6-9 days, blood from three pups was pooled, and at ages 12-16 days, blood from two pups was pooled. No pooling was necessary at later ages. Free corticosterone and CBG determinations were carried out immediately, whereas plasma for assay of total corticosterone recommended by Murphy (25).
was stored at -lO°C as As soon as the collection of blood was completed, the small intestine (from the ligament of Treitz to the ileocecal junction) was removed. The proximal half of this length was defmed as the jejunum. It was flushed thoroughly with ice-cold NaCl (0,9%) and then wrapped in Parafilm (American Can, Greenwich, CT) for storage (-10°C) until assay of sucrase and lactase. The entire collection process took approximately 5 min, so that when animals were taken serially there was a period of about 6 min between the times of decapitation.
Assay of CBG. Aliquots of fresh plasma were assayed Assay of corticosterone. Total corticosterone was measured by the competitive binding assay of Bassett and Hinks (4), which is a modification of the original method described by Murphy (25). This assay is suitable for small samples of plasma and has been shown to be specific for glucocorticoids (4). The only modification was that to facilitate concurrent assay of large numbers of samples, bound and free sH were separated by charcoal adsorption rather than by gel filtration. Preliminary experiments showed that the method recovered 103 t 7% (n = 7) of corticosterone added to steroid-free plasma in concentrations of 0.1-5 Fg/dl and that the 6%. The below.
variation between duplicates did not exceed details of the assay as routinely used are given Steroid-free plasma from adult rats was used as the source of CBG for the binding assay. Endogenous steroids were removed by treating plasma (1 ml) with dextran-coated charcoal (0.3 ml) for 15 min at 45°C. The resulting supernatant (after centrifugation) was stored in small aliquots at -10°C. For use in the assay, a freshly thawed aliquot (0.03 ml) of steroid-free plasma was diluted with 40 mM sodium phosphate pH 7.2 (20 ml) and then added to a vial containing 4 &i ["Hlcorticosterone (dry) , to give a CBG-isotope solution for competitive binding.
Triplicate samples of plasma (0.05-0.10 ml) to be assayed for total corticosterone were extracted with 7 vol of absolute ethanol in stoppered tubes at room temperature l Precipitated proteins were removed by centrifugation and samples of the supernatant extract were pipetted into small tubes and evaporated to dryness. Triplicate ethanol blanks and standards in ethanol were placed in similar tubes and evaporated to dryness.
CBG-isotope solution (0.25 ml) was added to each tube, and after mixing, all tubes were incubated for 15 min at 45°C. After tubes were cooled by placing in ice water for 15 min ., dextran-coated charcoal (0.03 ml) was added to each tube to remove all ["Hlcorticosterone which was not protein-bound. After vortexing, tubes were kept in ice water for a further 10 min, then centrifuged at 4°C for 10 min at 600 x g. Protein-bound radioactivity was determined by counting 0.2 ml of the supernatant fluid. This method for assay of total corticosterone had a sensitivity in the range 0.05-1.0 ng corticosterone and showed 50% displacement of "H by 0.4 ng corticosterone. Thus, if 0.1 ml of plasma is used for ethanol extraction and half of the extract is subsequently assayed, the method ca .n detect plasma concentrations of corticosterone as low as 0.1 pg/dl. For determination of unknowns, standards were routinely subjected to the logit transformation (27) to obtain a linear plot. This was facilitated by the use of a logit computer program combined with linear regression analysis. The percentage of bound and free corticosterone in plasma samples was determined by the method of Martin et al. (23) . The concentration of free corticosterone was then calculated from the values for total corticosterone Jand for the percentage free, Counting of radioactivity.
All samples were counted in a Nuclear-Chicago liquid scintillation counter using 10 ml of the scintillation fluid described by Anderson and McClure (2). For assay of CBG and of the proportion of free corticosterone it was essential to know the absolute dpm, and, therefore, for these assays, the counting efficiency of each sample was determined by Assay of intestinal disaccharidases.
For assay of disaccharidases, the middle 10 cm of the jejunum was slit lengthwise and scraped with a steel spatula to remove mucosa. Homogenates of mucosa were prepared in 9 vol of ice-cold 0.154 M KC1 by 9 strokes (approximately 45 s) of a Potter Elvehjem Teflon glass homogenizer. Sucrase and lactase activities in 0.1 ml of homogenate were measured by incubating at 37OC with 0.4 ml of 0.0625 M sodium maleate pH 6.0 (containing 0.3 M sucrose or 0.15 M lactose, respectively). The reaction was stopped by precipitation of protein with 0.2 ml of 1.8% Ba(OH),* 8 H,O and the mixture was then neutralized with 0.2 ml of 2% ZnS04 l 7 H,O. Glucose present in the reaction supernatant was measured with glucose oxidase reagent l Control incubations had Ba(OH), and ZnS04 added to the homogenate prior to the addition of buffered substrate, in order to correct for endogenous glucose as well as for any glucose produced from sucrose or lactose as a result of residual disaccharidase contamination of the glucose oxidase reagent. Protein was determined in duplicate by the method of Lowry et al. (22) with the use of bovine serum albumin as standard. Enzyme activities were expressed as micromoles glucose produced per hour per milligram of mucosal protein. These methods for assay of disaccharidases are very similar to those described by other workers (10, 17, 19, 28) .
Statistics. All results are reported as means -t SE. Differences between means were evaluated by the Student's t test for unpaired values,
RESULTS
In the original design of these experiments, the procedure was to use an entire litter of rat pups approximately every 2nd day from day 6 through day 27. In this procedure, at each age, pups were sequentially removed from the home cage and decapitated for collection of blood. When total corticosterone was assayed in plasma from these animals (series I), it was found that from day 12 onwards there was a marked correlation with the order of killing. Data for six of the ages are shown in Fig. 1 . These data indicate that sequential removal of pups from a single cage is sufficient to activate the adrenal stress response. Absence of this stress response prior to day 12 is in agreement with the results of several other studies (3, 15, 21). To obtain truer basal levels of plasma corticosterone for the whole of the postnatal period, the entire series of experiments was repeated using a number of litters in parallel, so that on any given day only one pup was removed from each cage (series 11). Moreover, cages were placed on separate racks within the animal room to ensure that removal of a pup from one experimental cage did not alarm those in another. Under these conditions, there was no correlation between the plasma concentrations of corticosterone and the sequence of decapitation. Figure 2 shows the complete data for total plasma corticosterone in the two series of experiments. In both series the corticosterone concentration was extremely low until day 12, rose significantly by day 14 (P < 0.001, series I; P < 0.02, series II), and peaked on day 24. As expected from Fig. 1 , the SE were much greater for series I than for series IL Moreover, at most ages the values obtained for plasma corticosterone in series Z were higher than those in series ZZ. Although series ZZ is the better experiment in the sense that it represents the resting concentrations, series Z has also been presented to show the extent to which plasma corticosterone can be expected to be elevated at various ages as a result of interference with the home cage (e.g., for cleaning or weighing). The developmental rise in total plasma corticosterone (Fig. 2) was paralleled by an increase in the plasma binding capacity for corticosterone (Fig. 3A) . In this parameter only minor differences were seen between the two series, and therefore only the data from series ZZ have been presented. Plasma CBG (Fig. 3A) showed its first significant rise between day 9 and day 12 (P < 0.02), thus slightly preceding the rise of total corticosterone (Fig. 2) . At all ages, the binding capacity of CBG (Fig. 3A) exceeded the plasma concentration of total corticosterone (Fig. 2) . The extent of this excess increased with age and resulted in a gradual increase in the percentage of endogenous corticosterone that was protein bound (Fig. 3B ). Despite these small differences in the percentage bound at various ages, Fig. 4 shows that during the critical period of development, the time courses of the rise of total and free corticosterone were very similar. In both cases, concentrations were very low on days 9 and 12, then increased significantly between days 12 and 14 (P < 0.02, total; P < 0.01 free), and again between days 14 and16 (P -=z 0.01, total; P < 0.001, free).
The relationship between the developmental patterns of intestinal disaccharidase activities and plasma corticosterone is shown in Fig. 5 . In agreement with other studies (28), we found that the decline of lactase activity was coincident with the ontogenic appearance and rise of sucrase activity. Because sucrase activity was not detectable on day 12 and earlier, the time course of its rise is the best marker of intestinal development. Although the scale of Fig. 5 does not show it, sucrase activity was first detectable on day 14 (0.0002 * 0.00001 pmol/h per mg protein) and then increased significantly (P < 0.001) by day 16 (0.138 -+ 0.027 pmol/h per mg protein). In contrast, the initial rise of free corticosterone in plasma occurred between days 12 and 14, thus preceding the beginning of the jejunal enzymic changes by approximately 2 days.
This study shows a developmental profile for the concentration of total corticosterone in rat plasma that is quite different from earlier studies (1, 3, 15, 21, 26) . With conditions that minimize the adrenal stress response at the time of sacrifice (series II), the concentration of total plasma corticosterone is less than 0.5 pg/dl from day 6 through day 12. Only after this age do concentrations begin to rise, reaching 5 pg/dl by day 17. In contrast, earlier studies (1, 3, 15, 21, 26) have reported concentrations for total plasma corticosterone in the range 5-19 pg/dl from day 6 onward. The critical difference is presumably the use of a highly specific protein-binding assay in the current study as compared with the relatively nonspecific (9) fluorimetric methods of earlier studies. Although Daniels et al. (6) also used a competitive protein-binding method for measurement of total corticosterone, their values (1-2 pg/dl) for days 6-12 were also somewhat higher than ours. Furthermore, the data of Daniels et al. (6) show that the plasma concentrations of total corticosterone do not rise significantly until after day 18 and then continue to rise through day 28, whereas in our study, the ontogenie rise had begun by day 14, peaked on day 24, and had returned to relatively low levels by day 27. The differences between the two studies could be mainly a reflection of the different strains of rats used (SpragueDawley vs. Carnworth). However, the high concentrations of plasma corticosterone reported by Daniels et al, for older animals could indicate that their animals were stressed by the gastric intubation that occurred 4 h before decapitation. In our study it has been shown that reaching in the home cage to remove one pup is sufficient to activate the adrenal stress response on day 12 and later. Recently Dijhler et al. (11) reported that in adult rats, plasma corticosterone concentrations rise sharply after simply moving their cage. Thus, it is clear that great caution must be exercised to avoid elevation of plasma corticosteroids.
Although we have shown that total plasma corticosterone rises significantly during development, so does the plasma concentration of CBG. As a result,, there is relatively little change in the proportion of total plasma corticosterone which is bound to CBG, and, thus, the developmental pattern for free corticosterone is quite similar to that for total corticosterone. This is very different from the situation in the late fetal rat, where, as a result of decreasing CBG, the concentration of free corticosterone rises, whereas that of total corticosterone falls (23).
The present study clearly demonstrates that there is REFERENCES between days 12 and 14, i.e., coincidently with the initial rise of both total and free corticosterone in the plasma. In the intestine, our study shows that the developmental changes in sucrase and lactase activities begin approximately 2 days after the initial increase of plasma corticosterone l These findings correlate extremely well with the fact that when sucrase is precociously induced by administration of glucocorticoid during the 1st or 2nd postnatal wk there is always a delay of 24-48 h before the enzyme is detected (10, 17). Studies of the distribution of sucrase along the lengths of the villi after precocious induction by hydrocortisone (17, 19) have suggested that this delay results from the fact that the hormone acts on the proliferating cells of the mucosal crypt, but the effects of its action (enzymic changes) are not seen until those cells leave the crypts and migrate onto the villi. The data shown in Fig. 5 are therefore consistent with a model of intestinal development wherein elevated concentrations of free corticosterone in plasma on day 14 interact with cells in the mucosal crypts to produce developmental maturations (enzymic changes) that are first detected on day 16 . As the concentration of the hormone continues to rise, the number of mature cells on the villi increases, the activity of lactase falls, and that of sucrase rises. Because plasma concentrations of free corticosterone peak on day 19 (Fig. 5) , it seems that the role of the hormone in intestinal maturation is completed by that age. This suggestion is corroborated by other studies in our laboratory (unpublished observations) that have shown that although adrenalectomy prior to and including day 17 results in significant depression of the ontogenic rise of sucrase, adrenalectomy on day 18 or later has no effect on sucrase activity, as is the case in adult rats (8). 
